Marine dinoflagellates, a diverse group of unicellular eukaryotes, have been recognized as a rich source of polyketides with interesting biological activity and unique carbon skeletons. 1) Amphidinolides are a group of cytotoxic macrolides isolated from marine dinoflagellates Amphidinium sp., which are symbionts of Okinawan marine acoel flatworms Amphiscolops spp.
2) Amphidinolides have unique structural features as follows. Although naturally occurring macrolides generally possess even-numbered macrocyclic lactone rings, more than half of the amphidinolides have odd-numbered lactone rings. Exo-methylene unit and vicinally located one-carbon branches, which were frequently found in amphidinolides, are also unique structural features of these macrolides. In our continuous studies of the biosynthesis of amphidinolides, incorporation patterns of 13 C-labeled acetate for amphidinolides B, C, G, H, J, T, W, X, and Y were investigated.
2) The incorporation patterns for amphidinolides revealed that the main chain of these macrolides were generated from unusual units derived only from C-2 of acetates in addition to successive polyketide chains. The experiments also revealed that all C 1 branched carbons were derived from C-2 of acetates, and attached to C-1 of intact acetate or isolated C-2 of acetate ( Fig. 1) . These unusual incorporation patterns, which might be generated from non-successive mixed polyketide biosynthesis, could be found in most dinoflagellate polyketides of which biosyntheses have been studied so far.
3) Though incorporation patterns of 13 Clabeled carbon and 18 O-labeled oxygen for dinoflagellate polyketides have been reported, study about biosynthesis gene and enzyme for dinoflagellate polyketide has not reported so much. Recently, approximately 700-bp DNA fragments homologous with KS domains in known type I PKSs were amplified from seven different species of dinoflagellates by PCR. 4) However, no gene homologous with other domains in known type I PKSs has been reported until now. Here we describe the cloning of 36.4-kb DNA fragment, which includes putative amphidinolide biosynthesis genes such as bketoacyl synthase (KS), acyl transferase (AT), dehydratase (DH), ketoreductase (KR), acyl carrier protein (ACP), and thioesterase (TE), isolated from genomic DNA of amphidinolide-producing dinoflagellate Amphidinium sp. (strain Y-42). [5] [6] [7] [8] 
MATERIALS AND METHODS

DNA Isolation
Frozen cells of dinoflagellate, which were unialgally cultured in a seawater medium enriched with 1% ES supplement containing antibiotics (penicillin G, 50 unit/ml; streptomycin sulfate, 50 unit/ml) to prevent contamination, were suspended in 15 ml of buffer containing 0.1 M NaCl, 1 mM Na 2 EDTA, and 50 mM Tris-HCl (pH 7.5). Sodium dodecyl sulfate (75 mg) and proteinase K (1.5 mg) were added and the suspension was mixed by gentle inversion. After incubation at 50°C for 6 h, the suspension was gently mixed with equal volume of phenol-chloroform and incubated in the ice for 30 min. The mixture was centrifuged at 2000ϫg for 20 min at 4°C and the supernatant was transferred to new tube. DNA was precipitated by addition of 1/15 volume of 3 M sodium acetate (pH 5.2) and two volumes of cold ethanol and then spooled onto a glass rod. The spooled DNA was rinsed with 70% ethanol and dissolved in 5 ml of Tris-EDTA buffer at 4°C.
Bacterial Strains Escherichia coli DH10B and Escherichia coli EPI300 (Epicentre) were used as a host for PCR products cloning and fosmid library construction, respectively. Escherichia coli harboring pBluescript II SK(ϩ) (Stratagene) and pCC1FOS (Epicentre) were grown overnight in LB (Luria-Bertani) medium with ampicillin and chloramphenicol at the concentration of 100 mg/ml and 12.5 mg/ml, respectively.
DNA Manipulation Plasmid preparations, DNA restriction digests, ligation reaction, and gel electrophoresis were done by standard procedure. DNA fragments were isolated from agarose gel by QIAquik Gel extraction Kit (Qiagen). Plasmids for sequencing reaction were purified by QIAGEN Plasmid Mini Kit (Qiagen).
RNA Isolation and Generation of Complementary DNA Total RNA was isolated from freshly cultured cells using RNeasy Mini Kit (Qiagen). Each step was done according to the protocols provided with the kit. Isolated total RNA was reverse-transcribed by omniscript reverse transcriptase (Qiagen) using random primer (Invitrogen).
PCR Amplification Taq DNA polymerase (Promega) was used for PCR amplification with Taq DNA polymerase buffer (Promega), MgCl 2 , deoxynucleoside triphosphate mixture, DMSO, primer set, and DNA template. PCR mixtures were preheated at 94°C for 5 min and polymerase chain reaction was performed (1 min at 94°C for denaturation, 30 s at 40-65°C for annealing, 1 min at 72°C for extension) followed by final incubation at 72°C for 5 min.
Fosmid Library Construction High molecular weight DNA isolated from the dinoflagellate Amphidinium sp. (strain Y-42) was partially digested with Sau3AI, end repaired, size selected, and ligated into the pCC1FOS (Epicentre). The ligated DNA were packaged into MaxPlax Lambda Packaging Extracts and introduced into Escherichia coli EPI300 (Epicentre) by infection. Each step was done according to the protocols provided with CopyControl Fosmid Library Production Kit (Epicentre).
Screening The fosmid library was spread on the LB agar plates at the concentrations to obtain 500 colonies per plate. Colonies on each plate were mixed and the fosmids were extracted. The fosmids from each pool was screened by PCR using specific primer sets designed based on the conserved region. The positive pool was spread on the LB agar plates at the concentrations to obtain less number of colonies and screened until single positive colony was identified.
Sequence Analysis Shotgun sequencing of the fosmid pY42-F1 was performed by Macrogen Inc. (strain Y-42) using the degenerated primer set, were cloned into pBluescript II SK(ϩ) and their DNA sequences were determined.
RESULTS
Amplification
9) The analysis of these DNA fragments using BLAST (Basic Local Alignment Search Tool) of the National Center for Biotechnology Information revealed that the deduced amino acid sequences of fourteen 750-bp fragments (clones pY42-41, pY42-44, pY42-48, pY42-49, pY42-51, pY42-53, pY42-54, pY42-55, pY42-127, pY42-128, pY42-130, pY42-132, pY42-141, and pY42-143) had significant similarity with b-ketoacyl synthase domains in known type I PKS. The DNA sequences of these 750-bp fragments were similar to each other.
PCR Detection of the Specific b b-Ketoacyl Synthase Gene from Dinoflagellates These specific b-ketoacyl synthase gene fragments were used to amplify products from fifteen dinoflagellates. The primer set, TKKSF6 (5Ј-CTTCAT-CAGCTTGAGCTGAG-3Ј) and TKKSR16 (5Ј-TTCTCG-AAGTGACTGCAG AG-3Ј), was designed to detect the middle of these unique 750-bp DNA fragments. The specific primer set was used for the PCR using genomic DNA isolated from thirteen marine dinoflagellates as templates. (Fig.  2) . Though the long chain polyhydroxyl polyketides named luteophanols have been isolated from Amphidinium sp. (strain Y-52), [11] [12] [13] no amphidinolide has isolated from these eight strains of dinoflagellates so far. The RT-PCR using the specific primer sets was also attempted to confirm the expression of these specific b-ketoacyl synthase genes as mRNAs. The DNA fragments of anticipated size were amplified from the complementary DNA generated from total RNA isolated from freshly cultured cells of dinoflagellates Amphidinium sp. (strain Y-42) (Fig. 3) . These results suggested that the unique 750-bp DNA fragments might be responsible for amphidinolide biosynthesis and encouraged us to clone the larger PKS gene from the genomic DNA library of Amphidinium sp. (strain Y-42).
Cloning and Sequence Analysis of the PKS Genes from Genomic DNA Library of Amphidinium sp. (Strain Y-42)
The fosmid genomic DNA library was constructed from total DNA of the dinoflagellate Amphidinium sp. (strain Y-42).
Screening of approximately one hundred thousand colonies using the specific primer set, TKKSF6 and TKKSR16, yielded one positive fosmid clone, named pY42-F1. The shotgun sequencing of the fosmid pY42-F1 revealed that the insert DNA consisted of 36378 nucleotides and the GC % of it was 47.4%. The BLAST analysis of six open reading frames translated from the nucleotide sequence revealed that some part of the pY42-F1 insert DNA showed high similarity with b-ketoacyl synthase (KS), acyl transferase (AT), dehydratase (DH), ketoreductase (KR), acyl carrier protein (ACP) motifs in known type I PKS genes and thioesterase (TE) genes (Fig. 4, Table 1 ). Two amino acid sequences (translated from nucleotide 14587-15816 and 23740-24081) found in 5Ј3Ј frame 1 showed high similarity with KS(latter half)/ AT(front half) domains in known type I PKS and TE(front half), respectively. Three amino acid sequences (translated from nucleotide 15818-16972, 20933-22771, and 24521-24928) found in 5Ј3Ј frame 2 showed high similarity with AT(latter half)/DH domains, KR/ACP domains, and TE(latter half), respectively. One amino acid sequence (translated from nucleotide 13911-14627) found in 5Ј3Ј frame 3 showed high similarity with KS(front half) domain. DNA sequence of 750-bp fragment in the pY42-141 was identical with that of putative KS gene in pY42-F1. On the other hand, DNA sequences of other thirteen 750-bp fragments were slightly different from that of putative KS gene in pY42-F1 These resuts indicated that these fragments corresponded to KS gene for other modules. Comparison of the active-site sequence of the AT domain with the known malonyl-CoA and methylmalonyl-CoA acyltransferase genes indicated that the AT domain found in the 36.4-kbp fragment might belong to malonyl-CoA acyltransferase. 14) This result suggested that frame shifts occurred in the middle of KS, AT, and TE genes, and the introns might exist in the middle of these genes. Though there were approximately 4000 nucleotides between DH and KR genes, no significant similarity with known ORFs was found between these genes. This result suggested that if nucleotide sequences encode KS/AT/DH and KR/ACP were translated to one PKS, an intron might exist between DH and KR genes.
DISCUSSION
One of the most attractive issues of amphidinolide biosynthesis is the truncation of C-1 of intact acetate in main chain. Several hypotheses that explain the truncation of the carbon chain have been proposed. 15) The participation of tricar- boxylic acid (TCA) cycle was the most likely candidate. However, this possibility could be excluded, since the incorporation rate of 13 C-labeled carbon at isolated C-2 of acetates might be lower than intact acetates, if these carbons were derived from acetate via TCA cycle. But the feeding experiments revealed that the incorporation rates of isolated C-2 of acetates were identical with C-2 of intact acetates. As a second candidate, the occurrence of a Favorskii or benzil-benzilic acid rearrangement in the middle of the chain was proposed. This hypothesis could explain that incorporation rates of all 13 C-labeled carbon were approximately same. However, these rearrangements are not enough to complete the truncation. Some additional decarboxylation-like enzyme might be necessary to remove C-1 of acetate, which could remain as a branched carbon. A new mechanism for the formation of the truncated polyketide backbones has been reported as follows. 15) A chain extension could be performed by condensation with an extender malonate unit and the resulting b-ketoester could be reduced and dehydrated to give an elongated unsaturated polyketide chain. The unsaturated polyketide chain could be then epoxidized and decarboxylated to give a truncated aldehyde. Finally the aldehyde could be re-oxidized to a carboxylic acid and transferred into the next extension cycle. The one carbon extension and truncation could be performed by one multifunction enzyme possessing all domains necessary to complete these steps. Alternatively, condensation, reduction, and dehydration could be performed by type I PKS, then epoxidation, decarboxylation, and re-oxidation could be performed by other enzyme(s). The deduced products of two amino acid sequences, found in 36.4-kbp genomic DNA from the dinoflagellate Amphidinium sp. (strain Y-42), showed similarity to known type II TE. The type II TE genes encode mono-function enzyme, and could be found with PKS or non-ribosomal peptide synthase (NRPS) genes. Though one of the functions of this sort of TE was proposed to hydrolyze misacylated aberrant intermediates that might block the PKS or NRPS. 16) However, the function of this type II TE could be responsible for the release of unsaturated polyketide chain from the ACP domain for the truncation steps.
Dinoflagellates are a diverse group of unicellular eukaryotes with large and unusual genome. The amounts of DNA per haploid nucleus are up to 60 times larger in comparison with human. And the chromosomes are permanently condensed and the chromatin structure is different from other eukaryotes because of lacking of typical histones. 17, 18) In this study, a fosmid pY42-F1, which includes 36.4-kbp genomic DNA fragment from amphidinolide-producing dinoflagellate Amphidinium sp. (strain Y-42), has been found from approximately 100000 clones. The fragment included six open reading frames homologous with known KS, AT, DH, KR, ACP, and TE genes. Though the total size of six open reading frames was only 5625-bp and these amino acid sequences exist in the middle of 36.4-kbp fragment, no other sequence showing significant similarity with known polyketide biosynthesis genes was found on the both side of them. Amphidinolides H, for example, is twenty-six memberd macrolide and the main chain consists of sixteen units derived from acetate. However, if deduced products of these genes could not work interactively, they might be responsible for only one extension step performed by condensation with a malonate unit.
This represents the difficulty of cloning of whole amphidinolide biosynthesis gene from genomic DNA library. Occurrence of intron is obviously one of the reasons that make it difficult to clone the amphidinolide biosynthesis gene from genomic DNA. Though the gene of dinoflagellate does not always contain introns, 19) several examples about the occurrence of introns in dinoflagellate genes have been reported. [20] [21] [22] Six introns in three rubisco genes of Symbiodinium sp., four introns in DNA-binding protein HCc gene of Crypthecodinium cohnii, and one intron in luciferase gene lcfC of Lingulodium polyedrum have been reported. These dinoflagellate introns do not have the conserved nucleotides sequences found in known group I and II introns of other organisms. And these dinoflagellate introns do not share common nucleotides sequences at their putative splicing sites neither.
23) The construction of complimentay DNA library of amphidinolide-producing dinoflagellate might be the best alternative to clone amphidinolide biosynthesis genes. And the comparison of genes from genomic DNA and complimentay DNA would also give us further information about dinoflagellate intron and spacer region.
